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Abstract
The development of a moment-method model for wire objects in an infinite chiral medium is
described. In this work, the Numerical EiectromagneticsCode (NEC) was extended b including

?● new integral-equation kernel obtained fi-omthe dyadic Green’s function for an in.mite chiral
medium. The NEC moment-method treatment using point matching and a three-term sinusoidal
current expansion was adapted to the case of a chid medium. Examples of cument distributions
and radiation patterns for simple antennas arc presented, and the validation of the code is
discussed.

Introduction
Interest has been growing recently in the uses and behavior of chiral media in electromagnetic
ap lications. Chiral media can be thought of as ordinary media in which are distributed small

Ihe “cesof either right-hand or left-handrotation. As a result, wcvcs with linear polarizationcannot
propagate, and /aves with right- or left-hand circular polarization propagate differently in the
medium. The pertinent canonical problems were formulated sometime ago [Bassiri, Enghcta and
Papas (1986), Lakhtakia, Varadan and Varadan (1986)], e.g. point-source radiation, wave
propagation and scattering, Interest is growing in more practicaJ problems due to the advent of
chiral composites and research is being conducted for chirality might be exploited in
electromagnetic design, Research in chi.ralmedia has made continued progress in developing
analytical tools for understandingfundamentalelectmnagnetic behavior [e. ,, Lakhtakia, Varackm
and Varadan (1989), IAhtakia (1990),Lakhtakia,Varadanand Varadan(1$90), Uslenghi (1990),
Lakhtakia, (1991), Engheta, Pelet and Li (1991)] but the results thereof remain of somewhat
limited applicability, In order to analyze the behavior of complex radiators in chid media it is
necessary to ream to numerical techniques such as the integralquation models (e.g., like NJK)
that have become routine tools for many years in analyzing rdation and scattering in achira]
media.

In this paper, extension of NEC [Burke and Poggio (1981)] to model arbitrary wire objects in
chid nmiia is briefly summarkd, cominuin work described elsewhere [Bhattachaiyya (1990),

!Bhattacharyya, Burke and Miller (1992a), (1 92b)], First, a new kernel is implemented in the
Electric-Field Integral ~uation (EFIE) for thin wires, starting from the dyadic Green’s function
for a chid medium, Then the solution of this quation using point-matching and a duee-tcrrn
sinusoidal cumentexpansion is detelopcd, Finally, examples arc shownof the acdutionsobtuincd
for typical dipole and loop antennasoperatingin chiral media to demonstratethe effects of chirulity
on current distributions and impedance,

Formulation of the UFIE for Chirai Media
The EFIE for chiral media is convenientlyformulated by starting wilh the djadic Green’sfunction
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for an infinite chiral medium, one form of which is given by Bassiri (1990) (dyadic quantities are
outlined and vectors are boldface)

where

hf - k2 h; - k2
al=— a2= -—

h;-h;’ h: -h:

and h1 and h2 are the wavcnumbers for right- and left-hand circularly-polarized waves in the
medium as given by

TIMchirality constant y determines the degree of chirality of the medium, and k = o)~~ where p
and cam the medium permeabilityand pctmittivityrespectively.

‘I%eelectric field at a point r due to a cumentdisuibution J(r) is given by

W) =jop~~(r,r’)*J( r’)dV’

so that an integraJ equation for the cunent can be derived in !he usual way using the thin-wire
approximation. We thus obtain

J
jqi I(s’);’~(r,r,’)”;ds’ = -;”Einc(r), r e C(s)

c(s)
(2)

.
whms md ;’ w untivmtorstm~t to tk wimaxisatobwrvationpoints andsouru points’ respectively,
BV letting r represent a point on the wire axis ats while r ‘is a point on the k surface at s’, the

k
troblem of”the singularity in the Green’sfunction is nvoi ed for the thin wire. The incident field,

tic, may be M incident waveor a localizedfield due to a voltage source.

Numerical Solution of !hc EFIE for Chiral Media
NEC was used as a starting point for developing a code for wires in chid media, since much of
the present cmdecan bc used, For modeling wires, NEC emp!oyspoint matching and a three-term
ainusoichdcurrent expansion,whichon segment i has the form

li(~) = Al + Bisin!ks(s - si)] + Cicos[ks(~- sl)], IS - sit S Ai/2 (3)

where &lis the sqment len@t C’ontinuiq’conditions are impo,se.don current and its derivative 10
obtain basis functions ~:xtendingover three segments v‘iththe shape of a B-spline, For ordinary
media, k5 is set qual to the wave number in the medium, but for the chiral medium a different
choice is made ●s indicatedbeiow,
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Extension of NEC to chid rtwlia is simplified by noting that, expect for the WIXVterms, Eq, (1)
hasthe form of the bee-s ace Green’sfunction for two separate wave numbers h 1 and h2. Hence,

8much of the existing NE can be used. However, the fields due to the sin(kss) and cos(kss) terms
in Eq. (3) now involve addition integrals that must be evaluated numerically or by series
approximation because closed-form expressionsarc not available. For wavcnumbcrkl and using

I(s) =
()

Sin(kss)

cos(k#)

for the current on a segment extending from -8 to +6 on the z axis, the p and z components of the
electric field arc given by

{( I-jq~sink~z’ 2a+jk1R
E~p,z) = ~ ~,z~ 1-(2-2’) —

R2

and

-jqro
E@,z) = —O

{( )[

sink~z’
(z - z’) —-ks(::;)]+[,

z 1+jklR
4Kk, CO*Z’ R2

(5)

where R = d[p2 + (z - z,’)2],By successively using x1 = hl and k = h in the above equations,
J%the electric fields of a current source in a chid medium arc add too tin the total field, The

terms involving atxV in Eq. (1) httvc the form of the magnetic field of a cuncnt filament in an
achiral rncdiu~ so their evaluation also can usc the existing code, Thcsc tetms arc not ncdd for
wire objects lying in a plane, however. Note that for an ordinary medium, ks is set equal to the
medium wavcnumbcr k, so that the integrals in Up, (4) and (5) drop out.

‘l”heo timum choice for k$ in E.q,(3) is not as clear as for a wire in a chiral medium as in the
J=h’ case. Ex riencc wth modeling wires in chid media has shown [Bhattttcharyya,Burke

rand Miller (199 a), Bhattacharyya, Burke and Miller (1992@]that the current travels along the
wire with a Propagation constant a proximately ~(hIh2), but wit somewhat smaller phase
constant and mcrcascd attenuation, 1?encc, k~is usually set

7
$ual to (h1h2), The alternate value

ks - max(hl ,h ) has also been used,and ives results v:ry c osc to the former choice as long as
dlk#Ail* 1 for 1segments on the wires. # is result shows that the solution can converge to the

correct rcsuh independent of the choice of ks so long as the basis function is able to accurately
enough represent the actual curmmt. In fact, Eq, (3) bmcmes approxirtuttclya quadratic functionof
s when lksAil* 1.
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Results for Wire Antennas in Chiral Media
Tk chiral version of NEC (CHNEC), base-don the analytical and numerical trcatmenl discussed
above, has been tested for problems involving an infinite chiral medium as well as for a vertical
dipole locati near a chira.1half space, a problem discussed elsewhere [Bhartachagya, Burke and
Miller (1992b)]. Results obtained from CHNEC have been checked in various ways, some of
which arc rcptcd here. The radiation resistance of a shon dipole antenna in an infhite chiral
md.ium was found to be in gmd agrmncnt with the result in taking into auxmnt that a constant
cumnt is assumed in the latter while the CHNEC solution yields a natural triangular cwent
disuibution. The current on a 6% dipole is shown in Fig. 1, and is close to hat presented by
Jaggard et. al, (1S91 ) except for an unexplained diffcrcncc in tie cumcnt magnitude. As separate
chc-cks, for both the short diple and the 640 dipole, the total radiate-d power as obtmned by
integrating the rad.iatcd f~ld from CHNEC was found agrcd to within 1 percent of the computd
input power. Note that reference here to object size in wavelengths is with rcspecl to the
achiral-md.ium situation, i.e., when 7 = ?.

Tie cumnr ma “~;,mde on a Wwaveleq@ ~ng ,Wc is plomi in Fig. 2 for chiraliry y = 0,01 witi
the wire radius a ● parameter. ‘l%ew ISexcItcd oncquarur wavelength fimm the lef~end and
is resistively loadd at dm right to reduce end reflections. As tie radius increases, wc nole an
incmad atwnuation of the current, This behavior is obscmcd in achiral mdia as an increase in
the radiation resistance of a d.i le with increasing radius. In this case, however, we observe two
diHcrent atmnuation regions. G e begins at the fecdpoint and is a region of higher attenuation the
value of which seems to be dependent on wire radius, The other region is seen fu.nher out when
the current has decayed adequately and where lower attenuation occurs, the value of which seems
to & independent of wire radius. II is apparent that there is a change in the propagation
cha.mctcristic of the current between these two regimes,

This i made more apparent in Fig. 3 by plotting bx.h he magnitude and phase of the cu.tmnt for a
i=10-)’

$
There we see that the wavelength associated with the high-a[tenuacion rate is much

shoner an that for the low-attenuation rate. In each region, the wavelength is longer than ~,
indicating that boti arc what is callul a “fastwavc” region. Funher evidence for tie fastwave
near-source cumcnt is Providd in Fi .

f
4 where the attenuation (-a) and phase (~~) constants arc

plotted versus chiraiity for two dif crcnt values of wire radius for tie near-source currenl as
obtained from estimating the wavenumbcr from the current on a 6@ WC. The CHNEC results
arc found to agree well with chose obtained from evaluating the

~
le In the cumnt sptmm of m

infinite cylindrical mtcnna ~hamharyy~ Burke and Miller (1 2c)].

The input impedance of a c.enter-fcddi ICis shown as a funcbon of chira.lity for a rrwl.ium having
F’q = 2.56 and ~r = 1.0 for lengW of .5A and I.OAin Fi , 5. The half-wave d.i le is “tuned”

i rchmugh resonance, ~ phenomenon ah produced fcwtie fu -wave c@]e at a sl.igh y greater value
of chirality. These results seem to indicate the possibility of tuning antennas cmbcddcd in chmd
rrdia m possibly pia.tcdon chiral substrates if the chirality can be controlled

Cur concluding msulu in E .
!

6 arc fo, [he in ut impedance of a Imp antenna in a malium having
r~ = 2.56 and ~r = 1,0 as I unction of chira ity for antenna circumferences of O.Sk, 10A, 1.6A,

and 5.03L In each case, the changing chirality produces oscillations in the input impcdancc, but
which cannot be accurate] dcdhd as msonanccs at ica.win the sense tha[ the mactancc does noi

Ja,lwa s change sign. W c Icmpas weil, h s pears as though ,wem the chtity of the medium in
K rwhit the antenna is embedded to be con~ol able, that some dc~cc of control could bc prmiuccd

over its input irnpda.ncc.

Concluding Comments
We have demonstrated extension of NEC, implemented in a model calicd CHNEC, to the prohlcnl
of rrmdcling wire objects located in infinite, chiral media, Although attcn[inn here was lirni[cd I(J
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simple dipoles and bps excital as antennas, CHNEC is now applicable to the same kinds of wire
&@cLs, e.g., non-planar wire configurations and -wiremesh approximations to solid surfaces, as
is NEC itself. Ftiermore, wor~ is underway to c~tend she present interface treatment in
CHNIX pescntly limited ‘Ovutica.1 wires over a chmal halfspace, to the - kinds of halfspace

r
lcms as NEC now handles for achiral media. Validation of CHNEC has been accomplished

using power-conservation checks, wavenumlm comparison with infinite-antenna solutions,
and comparison with other chira.1 results, Having the general kind of modeling capability
represented by CHNEC means that we are now able to explore how chirality might modify the
characteristics of antennas and scatterers Iocat*al in or ncti chiral mdia for various design
purposes,
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Fig. 5. ?’& input impedance of a center-fed dipole 0.5~ (a) and l.0~ (b) in length as a function
of chindity. Chirality can evidcntiy be used to “tune” a dqmle though maa.ncc.
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